Abstract. The objective of the present study was to develop a once-daily sustained-release (SR) matrix tablet of famotidine. Nine different formulations (F1-F9) were prepared by direct compression method using Avicel PH101 as filler/binder in the range of 41-27% in F1-F3, 18-22% in F4-F7, and 16-18% in F8-F9 and hydroxypropyl methylcellulose (4,000 cps) as hydrophilic matrix was used in F1-F3 from 19% to 30%, around 40% in F4-F7, and 42-45% in F8-F9. Talc and Aerosil were added in the ratio of 0.7-1.2%. The tablets were subjected to various physical parameters including weight variation test, hardness, thickness, diameter, friability, and in vitro release studies. Assay was also performed according to the USP 30 NF 25 procedure. The results of the physical parameters and assay were found to be within the acceptable range. In vitro dissolution results indicated that formulation F4-F7, having around 40% of rate control polymer, produced a SR pattern throughout 24 h. F1-F3 showed drug release at a faster rate, while F8-F9 released much slower, i.e., <80% in 24 h. Model-dependent and model-independent methods were used for data analysis and the best results were observed for F4 in zero order (r 2 =0.984) and F6 in Korsmeyer and Higuchi (r 2 =0.992 and 0.988). The parameter n indicated anomalous diffusion, while β in Weibull showed a parabolic curve with higher initial slope. The f 2 similarity test was performed taking F4 as a reference formulation. Only the F5-F7 formulations were similar to the reference formulation F4. The mean dissolution time was around 10 h for the successful formulation.
INTRODUCTION
Peptic ulceration, gastroesophageal reflux disease, and hypersecretory conditions such as Zollinger-Ellison syndrome require reduction in gastric acid secretion and need constant monitoring. Famotidine is used as a potent inhibitor of gastric acid secretion acting as a competitive inhibitor at the H 2 receptor on the parietal cell (1) . It has short half life, and the usual oral dosage regimen is 20 mg twice daily for 6 weeks in gastroesophageal reflux disease, 20 mg every 6 h in hypersecretory conditions, and 40 mg for 4-8 weeks in gastric ulcer (2) . Therefore, a once-daily sustained-release (SR) formulation of famotidine can reduce the frequency of administration and improve patient compliance. The selection of the releaseretarding excipient is necessary to achieve a constant in vivo input rate of the drug. The most commonly used method of modulating the drug release is to include it in a matrix system. The formulation was designed by using hydroxypropyl methylcellulose (HPMC 4,000 cps, USP Type 2208) as hydrophilic matrix. The hydrophilic matrix system is a common and commercially successful means for controlled oral drug delivery because of their flexibility to obtain a desirable drug release profile, cost-effectiveness, and broad U.S. Food and Drug Administration (FDA) acceptance (3) . HPMC is an excipient selected by most formulators as a hydrophilic matrix system probably due to the claim that it gives fast gel formation to control initial drug release and that the formation of its strong viscous gel controls further release (4) . Its popularity can be attributed to its nontoxic nature, ease of compression, and capability to accommodate a high level of drug loading (5) . From the data obtained in the present research, it becomes clear that the hydrophilic HPMC matrix can be used as a SR carrier for the oral delivery of famotidine. In order to avoid unwanted swelling of the HPMC polymer that could result in the presence of granulating fluid, direct compression method was used to prepare tablets (6) . The objective of this study was to prepare model SR matrix tablets of famotidine by direct compression method using HPMC as a hydrophilic matrix former to retard release of the drug. After in vitro dissolution testing for 24 h, drug release mechanism and kinetics were evaluated by plotting release data on various kinetic equations (zero order, first order, Higuchi kinetics, Korsmeyer's equation, Baker and Lonsdale model, Hixson-Crowell cube root law, and Weibull model).
MATERIALS AND METHODS

Materials
The following materials were used: famotidine (Deluxe Chemical Industries, Karachi), HPMC 4,000 cps (USP Type 2208) purchased from Dow Chemicals (Midland, MI), Avicel PH-101(FMC Corporation, USA), Aerosil (FMC Corporation, USA), and Talc (Dow Chemicals, USA).
Methods
Calculation of Sustained Dose
The total dose of drug, D t , in a prolonged action preparation can be determined with the help of normal (prompt) dose, D n , and the sustaining dose, D s , i.e.:
If the first-order elimination rate constant is k, the rate at which drug is eliminated when a normal dose is given is D n k, which is the rate at which drug must be replaced if the peak blood level is to be maintained (7) . Given a maintenance period t, the maintenance dose (D s ) is D n kt. The total dose is therefore:
For famotidine, the biological half life is 3 h and D n is 20 mg. Therefore, for the 24-h sustained drug release (T d ), the total dose of the drug (D t ) will be 130.88 mg (quantity used was 130 mg/tablet).
Preparation of Tablets
Nine different famotidine tablet formulations (F1-F9) were prepared by direct compression method having famotidine 130 mg, HPMC ranging from 20% to 45%, Avicel PH 101 (16-42%), Aerosil (0.4-1.2%), and Talc (0.7-1.2%). The quantity recommended for HPMC was 20-50% as matrix former (6, 8) . All the ingredients were accurately weighed and passed through 40-mesh size sieve. Ingredients were mixed by tumbling action and blends were compressed with manually operated single-punch tablet machine (Korsch Erweka, Frankfurt, Germany) using round-shaped punches with a tablet weight ranging from 325 to 360 mg (Table I) .
Evaluation of Powder Blends
Carr's Index. The compression characteristics of powder blends were determined by:
where:
Poured bulk density ¼ weight of powder=bulk volume; ð6Þ
Tapped bulk density ¼ weight of powder=true volume: ð7Þ
Tapped and bulk densities were determined by taking 10 g of powder blend into a measuring cylinder and determining its initial volume (bulk volume) and then the final volume (true volume) after tapping it till volume remained unchanged.
Angle of Repose. The angle of repose of powder blends were determined by the fixed base method. The angle was calculated by measuring the powder heap that it made with the horizontal surface (9):
where H is the height and D is the diameter of the heap (Table II) .
Evaluation of Tablets
Tablets were evaluated against various physical parameters including weight variation test (Mettler Toledo B204-S, Switzerland), hardness (Hardness Tester, OSK Fujiwara, Ogawa Seiki Co. Ltd., Tokyo, Japan), thickness, diameter, and friability (Friability Tester, H. Jurgens GmbH & Co., Bremen, Germany) as per the official monograph requirement of the British Pharmacopoeia (8).
Dissolution Studies. Dissolution test was performed using the USP<711> apparatus type II paddle (Erweka DT 700, Husenstamm, Germany) at 50 rpm (10) . Apparatus type II, also known as paddle method, consists of a round flask which is also known as a dissolution flask with a hemispherical bottom (capacity of 1,000 ml) and a singleblade paddle with ends contoured to approximate the dimension of the flask. USP also specified a distance of 2.5 cm from the bottom of the flask to the bottom of the paddle (11) . The test was performed using 900 ml phosphate buffer having a pH of 4.5 for 24 h, maintained at 37±0.5°C. The drug release profile was evaluated by taking a sample of 10 ml (replaced by fresh medium) at predetermined time intervals, and absorbance was measured by spectrophotometer at 265 nm after filtration and making suitable dilution (Thermospectronic, Heliox Alpha No. VVA 090616, England).
Assay of Famotidine Tablet. Assay of famotidine was performed according to the USP using HPLC (LC-5A, SPD-2A, Shimadzu Corp., Kyoto, Japan). The mobile phase consists of buffer solution and acetonitrile in a ratio of 93:7 (buffer solution was prepared by adding 13.6 g of sodium acetate trihydrate in 750 ml of water; after adding 1 ml of triethylamine, pH was adjusted to 6 with glacial acetic acid and volume make up to 1 L). Chemical and solvents used were of analytical grade. Column used was 4.6×15 cm (Lichrospher) and wavelength detection was 275 nm (10) .
Data Analysis
Model-Dependent Methods
Data obtained from in vitro release studies were fitted into various kinetic equations. The kinetics models used were zero order (Eq. 9) as cumulative amount of drug release vs. time, first order (Eq. 10) as log cumulative percentage of drug remaining vs. time, Higuchi (Eq. 11) model as cumulative percentage of drug release vs. square root of time, Hixson-Crowell cube root law (Eq. 12) as cube root percent drug remaining vs. time, Korsmeyer and Peppas as log cumulative percent drug release vs. log of time (Eq. 15), Weibull model (Eq. 17) as log dissolved amount of drug vs. log of time, and Baker and Lonsdale model (Eq. 19).
Zero-Order Kinetics.
where K 0 is the zero-order rate constant expressed in units of concentration/time, t is the time in hours, and Q t is the amount of drug release in time t; graph of concentration vs. time would yield a straight line with a slope equal to K 0 and intercept the origin of the axes (11).
First-Order Kinetics.
where Q o is the initial concentration of drug, k is the firstorder rate constant, and t is the time (12). Higuchi Kinetics.
where k is the release rate constant and t is the time in hours. Hence, the drug release rate is proportional to the reciprocal of the square root of time (13).
Hixson-Crowell Cube Root Law.
where Q t is the amount of drug release at time t, Q 0 is the initial amount of the drug in the tablet, and K HC is the rate constant for . The rate constants for these kinetics models were also calculated. For zero order, Higuchi, and Hixson-Crowell model, the rate constant is simply equal to the slope of the straight line:
For the first-order rate constant, the following equation was used:
Korsmeyer and Peppas Model. First, the 60% in vitro drug release data was fitted in the equation of Korsmeyer et al. to determine the mechanism of drug release as log cumulative percentage of drug release vs. log time. Korsmeyer et al. used a simple empirical equation to describe general solute release behavior from controlled-release polymer matrix (Eq. 7). This equation is also called power law:
where M t and M ∞ are the absolute cumulative amount of drug released at time t and infinite time, respectively, K is a constant incorporating structural and geometric characteristic of the device, and exponent n was calculated through the slope of the straight line which characterized the mechanism of release (15 
where n is the exponent, which is equal to the slope of the related drug release profile (the plot of Korsmeyer et al.) and M t =M 1 is the fraction of drug release taken from the zero-order equation at any time t.
Weibull Model. The Weibull equation is commonly used in dissolution studies and can be applied for all types of dissolution curves (17) . The accumulated fraction of drug release, m, in solution at time t, is expressed as:
where α is the time process, T i is the lag time, in most cases zero, and β, the shape parameter, characterizes the curve as exponential (b=1), S-shaped with upward curve followed by turning point (b>1), or parabolic with higher initial slope, after that consistent with the exponential (b<1). The rearranged form of Eq. 17 is:
Drug release following this model will be linear when log dissolved amount of drug plot vs. log of time (18).
Baker and Lonsdale Model. This model was developed by Baker and Lonsdale from the Higuchi model and describes the drug release from a spherical matrix (19):
where F is the fraction of drug release and k is the release rate constant.
Model-Independent Method
Mean Dissolution Time and f 2 Similarity Factor
Ratio test such as mean dissolution time (MDT) and pairwise procedure such as similarity factor provide an easy way to compare dissolution data. US FDA draft guidance proposes that the f 2 value of 50-100 indicates equivalence in dissolution profiles:
where j is the sample number, n is the number of dissolution sample time, b t is the time at midpoint between t j and t j−1 , and ΔM j is the additional amount of drug dissolved between t j and t j−1 (18):
where N is the number of samples, R i and T i are the percent dissolved of the reference and test products at each time point.
RESULTS AND DISCUSSION
Evaluation of Powder Blend and Tablets
As preformulation tests, angle of repose and Carr's Compressibility Index were performed for the trial formulations; their results indicated that all powder blends are in "excellent" category according to USP (Table II) . In general, increase in hardness in tablet will result in less porosity and slow drug release. Hardness determinations are made throughout the tablet runs to determine the need for pressure adjustments on the tablet machine (20) . Mean drug content value obtained was found satisfactory and within the limits for all formulations (95-100%).
In Vitro Dissolution Studies Figure 1 presents the in vitro drug release profile of the nine different formulations of famotidine SR. It was found that nearly the entire drug was released within 5 h in F1 and 10-15 h in F2 and F3. Polymer quantity was 20-30% in these formulations which was insufficient to control the release of drug. Formulation F4 was a target formulation and also taken as a reference for f 2 test, showing a control release pattern during 24 h. A similar type of profile was obtained from F5, F6, and F7. Around 30-40% in 4 h, 50-60% in 12 h, and more than 90% of the drug releases up to 24 h, respectively. These formulations contain HPMC in the range of 37-40%. No significant filler/binder and lubricant/glidant effect was observed for F4-F7. The rate of release was further slowed down in F8 and F9 with only 70-80% of the drug released up to 24 h as the quantity of HPMC increased to 42-45%. Using an appropriate viscosity grade of HPMC will help in designing matrices based on diffusion, diffusion and erosion via erosion mechanisms. Practically insoluble drugs may dissolve slowly and have slow diffusion through the gel layer of a hydrophilic matrix. Therefore, the main mechanism of release would be through surface erosion of the hydrated matrix (21) . It was observed that HPMC in higher quantity retarded the release of the drug from the matrix. Barakat et al. observed that the amount of HPMC played a dominant role in the release of carbamazepine from matrix tablet formulations and followed non-Fickian diffusion that was shifted to case II as the content of HPMC was increased, indicating significant contribution of erosion (22) . Similarly, Tajaorbi et al. also identified a critical point of HPMC contents between 30% and 35% and found it crucial to the release from the HPMC/mannitol tablets. Below this point, the matrix rapidly disintegrated in a nonrobust manner. At higher HPMC contents, the mannitol release became increasingly diffusion controlled with maintained matrix integrity (23) .
Drug Release Kinetics
Model-Dependent Method
The drug release kinetic of famotidine SR was described by various mathematical model and equations. Table III and Figs. 2 ) failed to fit all the batches. The best value for zero order was observed for formulation F4. The rate of drug release was very high in F1-F3 which showed gradually reduction in F4-F9 due to the increase in the quantity of the rate-controlling polymer. For successful modified release of drugs, either soluble or insoluble, it is essential that polymer hydration and surface gel layer formation is quick and consistent in order to prevent immediate disintegration of tablet and premature release (21, 24) . Bravo et al., using HPMC matrix tablet of diclofenac sodium, achieved best-fit release kinetic with the highest correlation coefficient (r 2 ) for the zero-order plot followed by Higuchi and first-order equation (25) . Reza et al. reported that Carbapol C 934 (containing propanolol HCl) most likely followed a Higuchi profile of drug release (r 2 = 0.9906), but the drug release from the other two carbopols seemed to be closed to the zero order (for C 971 r 2 =0.988, C 974 r 2 = 0.9866) (26) . In present study, the Higuchi, Korsmeyer, and Hixson-Crowell models are fitted to all types of formulations. The diffusional exponent n is anomalous or non-Fickian for F1-F7, which indicates that the drug release rate is controlled by more than one process, i.e., erosion and diffusion, while it is in the super case transport II type release in F8 and F9. Various researchers applied this equation to determine the drug release mechanism. For example, Talukdar et al. applied the same equation for evaluating the drug release mechanism from xanthan gum release matrix tablets (27) . Shato et al. also used this equation for wax matrix granules (28), whereas Hakim et al. applied this equation for the Kollidon SR matrix system (29) .
The Baker and Lonsdale model may be applied best for F8. The calculated Weibull parameter was <1 for F4-F7, which indicated a parabolic curve with steeper initial slope that was consistent with the exponential. The calculated β was >1 in F8 and F9, showing a complex release mechanism with S-shaped curve with upward curvature followed by a turning point.
Model-Independent Method
Formulation F4 was taken as reference formulation and the dissolution profile was compared with other formulation using the f 2 similarity test. The profile of F4 was only observed to be similar with F5, F6, and F7 (Table IV) . This technique was used in several other research studies for the comparison of drug release among dosage forms (30) (31) (32) .
The MDT was very low for the F1-F3 formulations, while the MDT was higher for other formulations. Higher MDT indicated slower drug release (Table III) .
CONCLUSION
It became evident from the present research that hydrophilic HPMC 4,000 cps was found to be an effective SR polymer for the oral delivery of famotidine in the range of 35-40%. Polymer ratio <30% was not effective in controlling the release of the drug. Hence, the formulation F4-F7 was a superior system for the once-daily controlled-release system and can be prepared by direct compression method having good physical and chemical attributes. 
